Introduction
Cryogenic solid-state lasers have been shown to offer significant potential for reaching higher powers with better beam quality and higher efficiency than corresponding lasers operating at room temperature [1] [2] [3] . The primary advantages arise from an increase in thermal conductivity, a reduction in thermal expansion and a reduced temperature dependence of the refractive index, dn/dT [4] [5] [6] . All three factors contribute to significant reductions in the thermo-optical and thermo-mechanical distortions, which in turn enable a given laser medium to be operated at higher powers and with improved beam quality. Furthermore, in the case of quasi-three level systems, the collapse of the thermal Boltzmann distributions in the lowerstate manifold at low temperatures can significantly improve the efficiency of the laser. Excellent detailed discussions of these advantages together with the development of useful figures of merit for cryogenic laser designs have been published [7] .
Previous authors have shown that Yb:YAG is almost ideally suited for use at cryogenic temperatures [8] [9] [10] . Among the relevant laser hosts tested, they showed that crystalline YAG has the highest thermal conductivity, the lowest thermal expansion coefficient and the smallest dn/dT. Furthermore, the Yb dopant has a high quantum efficiency, no up-conversion or excited state absorption and it becomes an efficient four level laser material at cryogenic temperatures. However, as the dopant concentration is increased, a corresponding increase in phonon scattering tends to reduce the potential cryogenic advantages of the host crystal [4] .
The challenge is thus to select a practical laser architecture that can exploit fully the advantages of operating at cryogenic temperatures without introducing new stress-induced wavefront distortion and birefringence caused by differential thermal contraction as the laser head is cooled from 300 K to 77 K. While successful demonstrations of cryogenic Yb:YAG lasers have reported significant improvements in laser performance, distortion free laser architectures optimized for efficiency and high power scaling have not been demonstrated to date. Thin-disc active mirrors offer a small volume-to-cooling-surface ratio, but they require high doping concentrations and relatively complex layouts for efficient pumping [11] . Endpumped rods produce excellent beam quality at medium power levels [12] , but the rod architecture ultimately suffers from limitations in power scaling due to effects such as reduced extraction efficiency, residual thermal focusing and complexity of layout. Most authors concentrate on power and slope efficiency, with little emphasis on achieving excellent beam quality and practicality of design. Here we report on the optimization of the laser architecture to maximize the advantages offered by cryogenics, resulting in a compact, efficient and power scalable design with excellent beam quality.
Laser design approach
Our objective was to develop a practical design for scaling to high power and making full use of the advantages offered by cryogenic temperature. As mentioned above, this encouraged the use of low doping. Furthermore we wanted to benefit from the lessons learnt when operating high power lasers at room temperature. For these reasons we choose a laser architecture that uses a low-doping, end pumped, side-cooled, zigzag, Yb:YAG laser slab, that has been demonstrated to be scalable to a power in excess of ten kW at room temperature [13] .
We have adapted this architecture for use at cryogenic temperatures, subject to additional design constraints, including a practical, conduction cooled approach, the use of readily machinable metal parts where possible, and the ability to cycle the laser repeatedly The optical layout of the laser is shown in Fig. 1 , including the vacuum envelope of the cryostat, the windows though which the pump and laser beam pass, as well as the pump optics. The gain medium chosen is a 1 at. % Yb:YAG zigzag slab, of dimensions 50 x 3 x 2 mm, with undoped YAG end-caps, similar to the design described in [14] . It is held by an all metal clamp, forming the "laser head". The laser head and the lens ducts are mounted on an aluminum annulus, which in turn is bolted to the aluminum cold-plate of the cryostat. The gain medium is pumped from both ends using the optical system shown in Fig. 2 , where the outputs of fast axis collimated (FAC) laser diode stacks are focused through the cryostat windows into uncoated B270 lens duct using cylindrical telescopes. The light is guided through the lens ducts using total internal reflection (TIR), reflected from the angled end faces of the slab and then confined within the slab by TIR. A simulation using numerical raytracing indicated that this scheme provides efficient, uniform pumping of the gain medium with less than 3% loss, if using antireflection coated slabs and lens ducts. The doped section of the slab is conduction-cooled through the TIR surfaces, which are coated with SiO 2 to prevent disruption of the TIR. End pumping a lightly doped slab and double-sided cooling minimizes the temperature increase in the middle of the gain medium allowing the benefits of cryogenic cooling to be maintained at higher pump powers. Numerical modeling showed that this almost uniform pumping and cooling of the gain medium should result in a one dimensional thermal gradient that is perpendicular to the cooled faces. The effect of the remaining thermal lensing is reduced by the zigzag path of the laser mode, and subsequent power scaling can be done by increasing the height of the TIR surface, without altering thermal properties [13] .
Cryogenic laser head design
A key design issue for the laser head was to minimize applied stress that could lead to wavefront distortion and induced birefringence [15] , while retaining a practical design. We thus required that the gain medium could be cooled to cryogenic temperatures without suffering mechanical stress, that it could then be pumped and lase at high power while experiencing minimal additional thermal stress and finally that it could stand repeated cryogenic cycling by ensuring that none of the materials in the laser head exceed their elastic yield point during a cryogenic cycle. To satisfy these requirements, we have developed a composite Yb:YAGindium-molybdenum-aluminum laser head as shown in Fig. 3 . The doped part of the laser slab is clamped between molybdenum semi-cylinders, with the un-doped ends extending beyond the Mo clamp and this clamp extending below the Al annulus to provide optical access to the slab, as shown in Fig. 3(c) . A layer of indium, nominal thickness 125 μm, ensures good thermal contact between the slab and molybdenum. At room temperature, there is a small (~50 μm) gap between the molybdenum cylinder and the aluminum annular heat sink, which in turn is bolted to the cold plate of the cryostat. As the laser head is cooled the aluminum annulus contracts differentially onto the molybdenum, thereby firmly clamping it and greatly reducing the thermal resistance between the slab and the cryostat. While we considered other materials such as undoped YAG and sapphire [10] for the material in contact with the slab, we finally chose molybdenum because of the close match between the integrated coefficient of thermal expansion of Mo [16] and YAG [6] over the temperature range considered. Mo also has high thermal conductivity at 77 K, and is readily machinable, resulting in a practical design. The gap between the Al and Mo was optimized to achieve excellent contact without excess stress at 77 K. Finite element analysis showed that the internal stress in the materials used did not exceed the yield points, and this was confirmed by repeated (~100 x) cryogenic cycling of the laser head without deformation.
Results and discussion
The performance of the cryogenic design was investigated and optimized using the wavefront distortions caused by cryogenic cooling of the unpumped laser head as the diagnostics. This was measured interferometrically using both a 'straight through' object beam which propagated along the long axis of the slab without TIR, and the zigzag object beam shown in the Fig. 1 . The former was used for detailed investigation and minimization of the thermomechanical distortions due to cooling and clamping, but since it required the use of the pump windows for access, it could not be used while lasing. Initial results showed significant wavefront distortion and induced birefringence, but as the laser head was optimized as described above, first the birefringence and then the remaining distortions gradually disappeared. Figure 4 shows the final results. Figures 4(a)-4(b) are for the straight through path, with Fig. 4(a) showing the 'zero fringe' and Fig. 4(b) the same scene but with finite fringes to document the interference contrast. Figure 4 (c) is equivalent to Fig. 4(a) , but using the zigzag path. This shows that negligible stress is applied to the gain medium by the cooling alone. Fig. 4 . Interferograms of unpumped gain medium at 77 K: (a) zero-fringe and (b) carrierfringe, recorded using a 'straight through' probe beam; (c) zero-fringe interferogram recorded using the zigzag probe beam. Figs (d and e) show corresponding interferograms when lasing, at 115W,(pump 208 W)
The gain medium was the fitted with a simple external resonator as shown in Fig. 1 . It consisted of a flat highly reflecting (HR) mirror and a 2 m radius-of-curvature, 75% reflectivity, out-coupler (OC), separated by about 50 cm. Interferograms in the zigzag configuration for the cooled laser head, when lasing at 115W, are shown in Figs. 4(d) and 4(e), clearly showing no indication of optical distortions and raising expectations for excellent beam quality. In separate early experiments we used a rotatable crystal polarizer to observe a purely horizontal, linearly polarized output with no evidence of birefringence when lasing at 45W. The output powers observed for two different assemblies of the laser head and the measured beam qualities are shown in Fig. 5 . The output power changed by less than 1% during a 15 minute observation, when lasing at 115W. Both sets of data display the same threshold and have a slope efficiency of 64%. Note that the lens ducts were not AR-coated for We were unable to measure the precise beam quality during the final test at 208W due to an untimely and catastrophic electrical failure of a pump diode power supply. However, the, interferograms obtained for this case before the failure looked promising and consistent with earlier non lasing interferometric results which showed no measureable distortions when pumping with up to 400W. By comparison, a slab of the same nominal transverse dimensions, but operating at room temperature, and using a compensated resonator, was reported to have a beam quality approaching 1.7 in the non-zigzag direction when lasing at 250W, and by interpolating the published data we estimated it to be about 1.4 at 115W [14] . Our cryogenic design has thus already demonstrated a significant improvement.
Conclusion
We have described what we believe is the first power scalable Yb:YAG laser that can be cooled to cryogenic temperatures to exploit the improvement in thermo-mechanical and optical properties of YAG without introducing wavefront distortions. It produced up to 208W in a TEM 00 beam. There was no measured degradation in the gain medium and no apparent decrease in slope efficiency. We measured the beam quality accurately to be below 1.1 for powers up to 115W. Since the power scaling demonstrated in [13] was achieved by increasing the area of the cooled surfaces of the slab, and area being the critical parameter for cryogenic cooling, we suggest that by appropriately scaling our design, significantly higher powers should be attainable, ultimately limited by the practicality of the cryostat required.
